We present here our results of far-infrared room-temperature time-resolved reflectivity experiments on bulk n-type GaAs with a high carrier density (ϳ2ϫ10 18 cm Ϫ3 ) over a wavelength range from 15 to 50 m. In our experiments, in which no additional carriers are optically created by the laser, we observe that the plasma frequency shifts towards smaller frequencies upon excitation with an intense far-infrared laser pulse, and that the magnitude of this shift increases with higher pump-pulse intensities. The decay of these pump-induced reflectivity changes is on the order of 3 ps at 300 K, and is caused by the change in the effective carrier density due to the scattering of electrons between the ⌫ valley and the L valley. ͓S0163-1829͑99͒02503-5͔
INTRODUCTION
The plasma frequency of most doped n-type semiconductors lies in the far-infrared. Little is known about the effects of electron dynamics on the far-infrared dielectric properties of semiconductors, in particular at frequencies in the neighborhood of the plasma frequency. Until recently this was a difficult spectral region to perform time-resolved spectroscopy in because of the lack of suitable lasers. Experiments on the dynamics of electrons in semiconductors have provided valuable information on electron cooling, electronphonon interactions, and intervalley scattering.
1 In semiconductors, time-resolved studies have been performed on electron plasmas, which were created by excitation of electrons over the band gap. 2 However, this process produces not only electrons, but holes too, which influence the observed dynamics. Additionally, the electron density cannot be kept constant during the course of the experiment, and is typically not homogeneous over the area of excitation.
In this paper, we present time-resolved far-infrared reflectance measurements on n-type GaAs, performed with the free-electron laser FELIX in the Netherlands. The reflectance spectra of GaAs in the far-infrared are strongly affected by the presence of the free electrons, and it is therefore to be expected that the dynamics of the electrons will also affect the infrared reflection spectra. Using n-type samples has the advantage that the carrier density remains constant during the experiment, and stays spatially homogeneous in the area of optical excitation.
FELIX emits tunable pulses at wavelengths between 5 and 100 m and with typical peakpowers of 10-30 MW. These peakpowers correspond to intensities on the order of 1 GW/cm 2 when focused onto a spot with a ϳ1 mm diameter. The pulse length of the FELIX pulses ranges from 0.3 ps at 15 m to 1 ps at 50 m.
In our setup, FELIX pulses are split into a pump and a probe beam. The probe beam is strongly attenuated with respect to the pump beam after passing through a variable delay line. The pump and probe beam are noncolinearly focused onto a n-type GaAs (ϳ2ϫ10  18 cm 3 ) crystal surface, and the reflected probe light is detected with a pyroelectric detector. The whole experimental setup is enclosed in a vacuum box, which also could be purged with dry nitrogen.
In the experiment, we measure the intensity of the reflected probe beam as function of the delay between the pump and probe pulses at a fixed wavelength, or we measure the intensity as a function of wavelength for a fixed delay between the pump and probe pulses.
RESULTS AND DISCUSSION
In Fig. 1 we show a set of reflectance spectra for four different delays between the pump and probe pulse. Curve ͑a͒ shows an unperturbed reflectance spectrum when the probe pulse arrives 13.3 ps before the pump pulse. Following the spectrum from the short to the long wavelength side, the reflectance goes through a minimum close to the plasma wavelength, rises then sharply above the plasma wavelength, FIG. 1. Pump-probe reflectance spectra of n-type GaAs (N e Ϸ2ϫ10 18 cm Ϫ3 ) for different delays between the pump and probe pulse. The reflectivity spectra were measured at room temperature in vacuum, and are normalized with respect to the reflectivity of a silver mirror. The deviation from 1 at the long wavelength side is caused by the experimental difficulty of collecting all reflected light. ͓͑a͒ solid line͔ The probe pulse arrives before the the pump pulse, and this spectrum is therefore the reflectance spectrum of the unperturbed GaAs. ͓͑b͒ dashed line͔ The pump and probe pulses overlap in time. ͓͑c͒ dotted line͔ The probe pulse arrives ϳ3.3 ps after the pump pulse. ͓͑d͒ dash-dotted line͔ The probe pulse arrives 6.7 ps after the pump pulse. The arrows in this figure indicate the wavelengths for which the time-resolved pump probe curves are shown in Fig. 2 . The second spectrum, curve ͑b͒, shows the reflectance spectrum when the pump and probe overlap in time. The pump pulse causes two changes in the reflectance spectrum: the minimum shifts towards longer wavelengths, and the slope of the rising edge decreases. Both the minimum and the slope shift back to their original position in the next two spectra, curves ͑c͒ and ͑d͒, measured for probe delays of 3.3 and 6.7 ps, respectively.
The time dependence of the reflectance changes at fixed wavelengths is depicted in Fig. 2 , where we show the probe intensity as function of the delay between the pump and probe pulses at wavelengths lying within the wavelength range of the curves in Fig. 1 . The figure shows that the reflectance increases for wavelengths below the plasma wavelength ͑17 m, for example͒, where the unperturbed reflectance is relatively small, and it decreases for long wavelengths ͑24 m, for example͒, where the unperturbed reflectance is large ͑Ͼ85%͒. The behavior of the reflectance is remarkable at 20 m ͓Fig. 2͑c͔͒. The reflectance starts to decrease, then increases above its original value, and finally decreases again below its original value, only to return to a slightly elevated level.
The qualitative explanation of our experimental results is based on the observed shift of the plasma frequency. The reflectance curve of unperturbed n-type GaAs can be fitted with the use of a simple classical expression for the dielectric function
and the expression for the reflectance
In Eq. ͑1͒, ϱ is the high-frequency lattice dielectric constant, T is the transverse-optic-phonon frequency, L is the longitudinal-optic-phonon frequency, ⌫ is the phonon damping constant, p 2 ϵ4Ne 2 /m* ϱ defines the plasma frequency, N is the electron density, m* is the electron effective mass, ␥ is the electron damping constant, is the index of refraction, and is the extinction coefficient. We used the following literature values:
, and ϱ ϭ11.1, and we obtained from our fit a plasma frequency, p ϭ461 cm
Ϫ1
, and a electron damping constant, ␥ϭ30 cm
. From the plasma frequency we calculated an electron density of 1.66 ϫ10 18 cm Ϫ3 for our sample. By calculating reflectance curves for different plasma frequencies using Eqs. ͑1͒ and ͑2͒ we can reproduce the spectra ͑a͒, ͑c͒, and ͑d͒ in Fig. 1 very well, as shown in Fig. 3 . These calculated spectra explain qualitatively the behavior of the time-resolved pump-probe spectra shown in Fig. 2 . For short wavelengths the reflectance is relatively low, and it always increases when the plasma frequency decreases. This is what we observed, for example, for a wavelength of 17 m ͓Fig. 2͑a͔͒. The opposite is true for long wavelengths, where the initial reflectance is over 85% and decreases with smaller plasma frequencies as shown for the wavelength of 24 m ͓Fig. 2͑d͔͒. However, the reflectance oscillates with the time delay, and thus with the plasma frequency in the wavelength region around the plasma edge, as shown in Fig. 2͑c͒ for a wavelength of 20 m. This is explained using the inset in Fig. 3. At a calculated ͑dashed line͒ to 1.66ϫ10 18 cm 3 ͑solid line͒, the reflectance at ϭ18 m decreases and the reflectance at ϭ19.5 m increases. However, the reflectance at ϭ18.7 m decreases initially going from the dotted to the dashed line, and then increases while going from the dashed to the solid line.
the central arrow in this figure, the reflectance initially decreases when the effective electron density increases from 1.5ϫ10 18 cm Ϫ3 ͑dotted line͒ to 1.6ϫ10 18 cm Ϫ3 ͑dashed line͒, but the reflectance subsequentially increases when the effective electron density continues to increase to 1.66 ϫ10 18 cm Ϫ3 ͑solid line͒. Experimentally, we observed this behavior for a wider range of wavelengths than indicated by the calculated curves in Fig. 3 , which is caused by the broad spectrum of the laser pulse causing many wavelengths to be probed simultaneously.
In a more quantitative model, we assume that the observed plasma frequency depends only on the electron density in the ⌫ valley, which is used as the effective electron density. Even with the high electron density in our GaAs sample, the number of electrons in the L valley is negligibly small at room temperature. The excitation pulse heats the electrons in the ⌫ valley, and a number of them scatter to the L valley, lowering the number of electrons in the ⌫ valley. The electrons scatter back from the L valley to the ⌫ valley on a time scale of several picoseconds. We calculated the electron density in the ⌫ valley as a function of time, 5 and used the obtained electron density to calculate also the plasma frequency and the reflectance as a function of time. Two calculated reflectance curves are shown in Fig. 4 for an excitation peak intensity of 0.25 GW/cm 2 and wavelengths of 17 m and 33 m. The good agreement between the model and the data indicates that the reflection dynamics are solely governed by the intervalley scattering processes between the two valleys giving rise to changes in the ⌫-valley electron density. Our model neglects the effects of the L valley electrons since they have a much bigger effective electron mass. An exact quantitative analysis also requires knowledge of the precise shape of the pulse spectrum and is not attempted here. The direct relation between the electron density in the ⌫ valley and the reflectance is also evident from the dependence of the reflectance curves on the excitation intensity. A higher intensity pulse causes more electrons to scatter to the L valley. This effect can be seen clearly in the wavelength region around the plasma wavelength, where the reflectance oscillates with the plasma frequency as explained earlier. Figure 5 shows a data set for an excitation wavelength of 18.5 m, when we varied the excitation intensity from circa 0.2 to 2 GW/cm 2 . For the low intensity excitation ͓Fig. 5͑a͔͒, the decrease of the electron density is small, causing the reflectance to be lowered. This is qualitatively shown in Fig. 3 ) indicates a decrease of the reflectance. A higher intensity excitation pulse ͓Fig. 5͑b͔͒ causes an initial increase of the reflectance depicted by a transition from the solid line to the dotted line in Fig. 3 , followed by a decrease and subsequential increase of the reflectance, when the FIG. 6 . Pump-probe reflectance spectra between 30 and 50 m. ͑a͒ The reflectance spectrum ͑solid line͒ when the probe pulse arrives before the the pump pulse. This spectrum is normalized with respect to the reflectivity of a silver mirror. ͑b͒ Reflectance changes at a delay of 0 ps ͑dashed line͒ and 3.3 ps ͑dotted line͒. For large parts the reflectance decreases around 20-25%, with a maximum decrease up to 50%.
FIG. 4.
Experimental and modeled pump-probe reflectance changes for ͑a͒ ϭ17 m and ͑b͒ ϭ33 m. The same parameters were used in both calculations. The calculated intensities were scaled to fit the experimental curves. electron density relaxes back to its original value. This oscillation is the same as the oscillation, which we observed for a wavelength of 20 m and a peak intensity of 2 GW/cm 2 ͓Fig. 2͑c͔͒. When the excitation intensity is increased further, the initial increase of the reflectance becomes even more prominent as shown in Figs. 5͑c͒-5͑e͒. In Fig. 6 , we show reflectance measurements performed at wavelengths between 30 and 50 m. The optical properties of n-type GaAs in this wavelength region are metallike with a reflectance larger than 85% with the exception of a minimum above the TO-phonon wavelength at 38 m corresponding to the frequency of the lower plasmon-LO-phonon mode. Upon excitation, the reflectivity switches from high to low for a time period of a couple of picoseconds. These long wavelength experimental results are complementary to the results shown in Figs. 1 and 2 , and can be described evenly well by electron scattering from the ⌫ valley to the L valley, as shown for a wavelength of 33 m in Fig. 4͑b͒ . Note that in Fig. 6͑b͒ , little or no reflection changes are observed between 34 and 38 m. This is to be expected as this is the region of the reststrahlen band between the LO and TOphonon wavelengths where the reflectivity is also high at low electron densities.
SUMMARY
We have shown the effects of electron excitation in GaAs on the far-infrared reflectance spectrum. The temporal behavior of the reflectance is explained by the electron scattering between the ⌫ and L valleys after excitation with an intense far-infrared laser pulse. This gives rise to a temporal decrease in the ⌫-valley electron density and a subsequent decrease in the plasma frequency. For long wavelengths the reflectance can decrease 50% or more for short periods after the excitation, opening up possibilities of using this material for fast far-infrared optical applications.
